High temperature magnetic properties of SmCo 5 /a-Fe(Co) bulk nanocomposite magnets To find alternative high temperature magnets containing no heavy rare earths for power applications, SmCo 5 /Fe bulk nanocomposite magnets with enhanced energy density and high thermal stability have been produced by using a ball-milling plus warm-compaction route. Up to 30% of the Fe soft magnetic phase has been added to the composites with grain size <20 nm distributed homogenously in the matrix of the SmCo 5 hard magnetic phase. It was observed that the microstructure does not change with temperature up to 500 C. It is also observed that the thermal stability of bulk nanocomposite samples is closely related to bulk density. Energy products above 11 MGOe have been obtained at 300 C in fully dense bulk SmCo 5 /Fe nanocomposite magnets, which is 65% higher than that of a single-phase counterpart at the same temperature. Exchange coupled hard/soft nanocomposite magnets have the potential to reduce materials' cost while increasing magnetization, [12] [13] [14] [15] which can be the next generation of permanent magnets for high temperature applications without using any heavy rare earths. However, most of the researches on nanocomposite magnets have been on low-dimensional specimens including powder particles, thin films, or ribbons which are in nature unstable at elevated temperatures due to their large surface area. It is, therefore, necessary to produce dense bulk nanocomposite magnets for applications. Traditional sintering and hot-pressing processes are not suitable for producing bulk nanocomposite magnets due to the very high homologous temperatures needed to densify these brittle intermetallics. In this letter, we report the hightemperature magnetic properties of bulk nanocomposite magnets produced via ball milling and warm compaction.
The SmCo 5 /a-Fe nanocomposite powders were obtained by ball milling the commercial SmCo 5 and a-Fe raw materials of powder particles in micrometer size. The bulk nanocomposite magnets were then produced by warm compaction of the milled powders under a pressure of $2.5 GPa. The details of fabrication of the bulk nanocomposite magnets can be found in Refs. [16] [17] [18] . The morphology and crystalline structure were characterized by energy-filtered transmission electron microscopy (EFTEM) and x-ray diffraction (XRD) using Cu K a radiation. Magnetic properties were measured in a physical property measurement system (PPMS) with a high-temperature/high-vacuum sample space and a maximum applied field of 70 kOe.
The high temperature magnetization measurements were performed in the PPMS every 50 C up to 500 C with a hold of $40 min, the time it took to make a hysteresis loop measurement. The thermodynamic stability of microstructure was performed by comparing the Fe maps of EFTEM images of the bulk SmCo 5 /Fe nanocomposite magnet before and after the heat treatment (Figs. 1(a) and 1(b) ). The bright area represents the Fe grains. The grain size of a-Fe phase does not increase and no agglomeration was observed after the hightemperature measurements. ranging from RT to 500 C. The curves show a single-phase demagnetization behavior up to the highest temperature measured, implying effective exchange coupling between the magnetically hard and soft phases, owing to the controlled soft-phase grain size. Figure 3 summarizes the temperature dependence of saturated magnetization M s , coercivity H c , and energy product (BH) max of the fully dense bulk SmCo 5 þ x wt. % a-Fe nanocomposite with different amounts of Fe content. For comparison purpose, the curve of single-phase Nd 2 Fe 14 B nanocrystalline magnet prepared under the same conditions is also given in Fig. 3 . The M s values of the SmCo 5 based samples are quite stable with elevating temperature (Ms only drops 5%-10% from RT to 500 C) due to the high Curie temperatures of both SmCo 5 and a-Fe phases. The coercivity, however, decreases a bit more quickly with temperature.
The temperature coefficients are about 51 6 2, 25 6 1, and 15 6 1 Oe/ C for the samples with x ¼ 0, 10, and 25 wt. %, respectively. The (BH) max of 6.7, 9.9, and 11.1 MGOe can be obtained at a temperature of 300 C, which is close to the Curie temperature of Nd 2 Fe 14 B magnets. Obviously, the high-temperature properties of the SmCo 5 /a-Fe nanocomposite are superior to those of Nd 2 Fe 14 B magnets. More interestingly and importantly, the nanocomposite magnets are also better than the single-phase SmCo 5 magnet at high temperatures. 65% of energy product enhancement can be obtained in the nanocomposite magnets at 300 C compared to the single-phase counterpart.
The density of the bulk magnet is very important factor for the high-temperature thermal stability. The thermal stability of the samples was measured in the PPMS chamber by the following manner: the demagnetization curve was first measured at room temperature and then heated up to a temperature for holding (T h ), for 60 min, and then cooled down to room temperature and then repeated the demagnetization measurement. Figures 4(a) and 4(b) show the repeated demagnetization curves of the bulk SmCo 5 þ 20 wt. %Fe magnets with full density and 80% density after heating at different temperatures, respectively. Fully dense bulk sample shows no change in the demagnetization curves of the sample after being heated for 60 min. However, the magnetic properties of the porous sample (80% density) started to deteriorate when the hold temperature was above 300 C, indicating the high sensitivity of the thermal stability to sample density. This may be attributed to the fact that higher porous sample leads to an increased oxygen-contact surface and thus prone to oxidation in the SmCo 5 phase (even in the atmosphere of around 10 À2 $ 10 À3 Pa vacuum in the PPMS chamber). Figure 5 summarizes the dependence of roomtemperature measured (BH) max on the T h . The (BH) max of the fully dense nanocomposite magnets decreased less than 5% even after being heated at 500 C for 60 min, while that of the porous (80% density) magnets started to decrease significantly when T h is higher than 300 C. 60% of the energy density was lost after being heated to 500 C. Similar behavior has also been observed in single-phase nanocrystalline.
In summary, the high-temperature magnetic properties of the isotropic bulk SmCo 5 /Fe nanocomposite magnets produced via a ball-milling plus warm-compaction route have been studied. Energy products of about 19 MGOe and 11 MGOe have been obtained at room temperature and 300 C, respectively. The energy density at 300 C is 65% higher than that of single-phase SmCo 5 magnets prepared in same conditions. Both structural and magnetic characterizations show that the bulk magnets with full density are thermally stable at elevated temperatures, while the low density magnets lost the magnetic properties rapidly when the heating temperature is higher than 300
C. This could be attributed to increased oxygen-contact surface in the porous bulk samples, indicating that the density of bulk nanocrystalline magnets is very important for the high-temperature magnetic properties. 
